ABSTRACT
INTRODUCTION
Superficial erosion is one of the main soil degradation agents. However, erosion and sedimentation rates estimations associated to different soil cultivation procedures and uses are scarce, and the conventional methods used in determining these estimations are usually expensive and time consuming. Erosion and sedimentation rates estimations using the cesium-137 method have been reported by several researchers, especially for the Northern Hemisphere. The atomic age started with the first nuclear weapon detonation in July 1945. The arms race that followed, contributed to the environment contamination through radioactive fallout. Nuclear explosions produce gases and vapor clouds with high temperature, also known as "fire balls" or mushrooms. Cloud height and diameter increase with the power of the explosion. Cloud cooling encourages oxide formation, and it is either in this form or in the metallic one that the fission products occur in the fallout. The detonation of low explosive power nuclear weapons (< 1 megaton) on the surface of the Earth spreads fission fragments only in the troposphere. Some hours after the explosion, larger fragments fell onto the Earth surface because of the gravitational force. Smaller fragments (diameter < 10 µm) are suspended in the upper troposphere, and then transported by the wind to the globe and deposited on the surface of the planet within 4 to 7 weeks. In explosions with higher explosive power (> 1 megaton), great part of the resulting cloud penetrates the stratosphere, making the fission fragments lasting longer in the atmosphere. The passage of the fragments to the troposphere causes the so-called global fallout. The time between the injection of fission products in the stratosphere and the subsequent fallout varies from 5 or 6 months to 5 years, depending on the latitude, altitude and seasonal injection period. The slow diffusion of the fission fragments in the stratosphere due to slow winds causes greater fallout in the hemisphere where the explosion occurred. Since the most of the nuclear tests were held in the Northern Hemisphere, the fallout distribution shows a distinct and well-defined peak in this hemisphere and a smaller and less defined peak for the Southern Hemisphere, as seen in Figure 1 . Guimarães (1988) .
The amount of fallout depends on the meteorological conditions during the rain period, the amount of radioactive fragments in the atmosphere and the altitude in which it occurs.
Although the cesium-137 fallout is related to precipitation, this relation is not constant, varying in space and time. The global scale fallout began in 1952, after the first tests with thermo-nuclear weapons which had enough power to inject fission fragments in the atmosphere. The number of detonations grew quickly, reaching its peak between 1957 and 1958, when they were suspended. Reinitiated in September 1961, the detonations reached their maximum peak in 1962 and 1963. In August 1963, the Nuclear Test Ban Treaty was signed, restricting tests to underground detonations. Most of the fallout occurred in the period from 1956 to 1964, and the cesium-137 deposition was relatively small from 1970 onward. Figure 2 shows the cesium-137 global deposition and includes the peak related to the Chernobyl accident in 1987, which contributed to local fallout.
Cesium-137: Cesium is a rare alkaline metal that forms strong bases. Its salts are usually soluble in water. It is the most electropositive and reactive of all metals, oxidizing immediately when in contact with the air. It occurs in very small quantities on the earth surface and its physiological and chemical properties are similar to those of the potassium. Cesium-137 is an artificial radionuclide produced by the uranium-235 and the plutonium-239 fission process, with a 30.17 years lifetime that declines by negative beta emission to the meta-stable barium-137 radionuclide, which declines by gamma emission to the stable barium-137, with a lifetime of 2.55 minutes. Gamma ray emitted by the meta-stable barium-137 has a 661.6 keV energy that characterizes the cesium-137 in the study by gamma ray spectrometry. Studies of the cesium-137 properties started with the operation of the first nuclear reactors. Since this radionuclide is produced in large amounts and has a long lifetime, several studies were conducted on the radiological impact of its presence in the environment and its reactions to soil minerals and their incorporation in vegetables Tamura, 1965, 1970) . In the early 1970's, studies about the movements of soil particles through the redistribution of the cesium-137 deposited by the fallout were initiated, once its distribution in the landscape could reflect the magnitude of the erosion processes (Ritchie et al., 1974) .
Behavior of cesium-137 in the soil: Cesium-137 is a monovalent cation with low hydration energy but strongly fixed by clay minerals, which suggests the existence of high selectivity points for these cations. The low hydration energy of the monovalent cations causes dehydration and the collapse of the clay crystalline structure, keeping these monovalent cations between their layers. Clay selectivity is associated with its high charge density and frayed edges, once cations such as the K + and the Cs + penetrate the layers and cause them to collapse through electrostatic attraction force. This causes the cations to be trapped or fixed. Studies about the cesium-137 adsorption revealed that most soils could retain cesium-137 when applied in low quantities, as it occurs in the fallout. Repeated extractions with many different chemical agents also indicate that cesium-137 is strongly adsorbed and fixed by soils; however, their movement is restricted by lixiviation and other natural chemical processes. So, its redistribution in the fields can only occur by physical processes (Livens and Loveland, 1988; Livens and Rimmer, 1988) . Cesium-137 depth distribution in the profile depends on whether or not the soil has been cultivated after the fallout. In non-cultivated soils cesium-137 concentration decreases exponentially with the depth, whereas in cultivated soils, it shows a uniform distribution until the depth of the plough layer. This distribution is shown in Figure 3 .
LITERATURE REVIEW
Cesium-137 is found in association with the clay and the organic matter, soil fractions that are more susceptible to erosion. Cesium-137 is a good tracer for evaluating superficial erosion processes since it is restricted to the soil surface. Taking this fact into consideration, Rogowski and Tamura (1965) decided to study the movement of cesium-137 in the soil under the action of physical agents, which made them establish an empirical relationship between cesium-137 redistribution and soil loss by runoff and erosion. An important development occurred when Ritchie et al. (1974) showed that there was a relationship between losses by erosion calculated by the USLE (Universal of Soil Loss Equation) by Wischmeier and Smith (1962) , with the loss of cesium-137 from the fallout in soils with different kinds of cultivation. Ritchie et al. (1974) obtained an equation using empirical data from a large variety of studies with erosion plots and small basins, adding to cesium-137 losses both from the fallout and artificial application. Some erosion data were obtained straight from the plot measures, whereas the others were obtained through the USLE. With these data, following exponential equation was established:
( 1) where: X = the percentual loss of the radionuclide, and Y = the total soil loss (ton.ha -1 .year -1 ).
In 1975, Ritchie and McHenry (1975) established a new equation, considering the soil loss as an independent variable:
This equation has been used to estimate erosion rates through cesium-137 measurements by several researches (McIntyre et al., 1987 , Menzel et al., 1987 , Lowrance et al., 1988 . Although equation (2) 
where: Y = the liquid soil loss (kg.ha -1 .year -1 ), and X = the reduction percentage in the total amount of cesium-137 in the soil.
These equations estimated soil loss for a same percentage of cesium-137 loss, one order of lesser magnitude than that of the Ritchie and McHenry equation (1975) due to the different environmental conditions found in Australia, which included smaller entry fallout of cesium-137.
Theoretical Models:
The most simple theoretical model used in the development of a calibration relation applicable to cultivated areas is the proportional model, which establishes a direct proportionality between soil loss and the amount of cesium-137 removed from the soil. Several variants of this calibration equation have been proposed (De Jong et al., 1983 Martz and De Jong, 1987; Kachyearski, 1987; Vanden Berghe and Gulinck, 1987, Fredericks and Perrens, 1988) , but the relation is effectively the same, with the soil loss annual mean being calculated by the equation:
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where: Y = the mean annual soil loss (ton.ha -1 .year -1 ), D = the depth of cultivation (m), B = the soil bulk density (kg.m -3 ), X = the reduction percentage in the total amount of cesium-137, and T = the time period elapsed since 1963 (in years).
Contrary to the empirical equations that related soil loss from plots with punctual measures of cesium-137 loss, this equation considers punctual measures of cesium-137 loss and provides punctual measures of soil loss. The empirical and theoretical models mentioned above are applicable only to cultivated soils, since these take into consideration the uniform distribution of cesium-137 in the cultivation layer. A more recent theoretical model that has been used for non-cultivated soils, such as permanent pastures, was suggested by Zhang et al. (1990) . This model is based on the exponential distribution of the cesium-137 in depth and, because of this, is named the profile distribution model. In soils without cultivation or mechanization, major part of the cesium-137 concentrates next to the surface and its distribution in the profile decreases exponentially according to depth and it can be expressed as follows:
where: A h = the cesium-137 inventory detected until a certain h depth in the soil profile (Bq.m -2 ), Z = the total cesium-137 inventory (Bq.m -2 ), and λ = the coefficient that describes the profile shape. Soil layer loss can be estimated from the direct cesium-137 measure left in the profile whenever the coefficient λ is known from non-disturbed neighboring sites. The resulting equation is:
where: X = the original inventory percentage left from above a certain depth, and T = the number of years elapsed since 1963.
Another theoretical model, which uses a stricter procedure and physical bases, is the mass balance model. This model treats the accumulation and loss of cesium-137 as a simple time-dependent process so that the cesium-137 inventory, at the end of a given year, may be calculated as:
S t = (S t-1 + F t -E t C t ) k (9) where: S t = the total cesium-137 inventory of the cultivation layer at the end of the t year, F t = the deposition flux by the fallout in the t year, E t = the annual soil loss rate, C t = the concentration of cesium-137 in the cultivation layer, and k = the radioactive decay constant for cesium-137 (0.023 yr -1 ).
This model could be adapted to reflect local conditions and to estimate the amount of cesium-137 left in a soil that was subjected to a specific erosion rate in a given period of time. These data may be adjusted to establish relations between the annual soil loss mean (Y) and the percentage of reduction in cesium-137 reference inventory (X).
Further details on this model can be found in Walling and He (1997) and Yang et al. (1998) .
MEASURE AND SAMPLING METHODOLOGY
The following items should be observed before using cesium-137 technique: a) the selection of the area to be studied, taking into consideration the level of the cesium-137 inventory, the history of soil use, the topographical information of the area and the meteorological data during cesium-137 deposition period; b) the field study plan, taking into consideration the topographical recognition of the area in order to define the sampling strategy and identifying the potential erosion locations (soil loss or gain); c) in order to proceed with the sampling in each area, a grade or multiple transects may be used, with uniform distances between the sampling points; d) the selection of reference points that are adequate to determine the local cesium-137 input should also be considered; e) a sampling point in layers must be included for each soil use in order to provide information on cesium-137 vertical distribution; and f) the choice of the geometry to be used such as detector (efficiency and resolution in energy), sample size, calibration procedures, counting time, etc. (hyperpure germanium detector, 1 or 2 liter Marinelli becker, certified samples with cesium-137 used for the calibration of the detection system, standard shielding for the gamma analysis of environmental samples, and standard nuclear electronic modules for gamma ray spectrometry are commonly used).
PRACTICAL APPLICATIONS OF THE TECHNIQUE
The objective of the technique is to quantify soil erosion and sedimentation as a support for the implementation of soil conservation programs, sustainable agricultural exploration and environmental protection. The data obtained through this technique may be used to test and calibrate other models, evaluate the effects of specific soil management and use strategies, generate data to be used as the basis for the strategic selection in soil conservation, and estimation of the soil balance exported as sediment in the fluvial systems. This technique has been used by Brown et al. (1981) , Chappel et al. (1998) , Desmet and Govers (1995) , , Loughran and Elliott (1996) . Figure 4 shows the increase in published articles on using cesium-137 technique in erosion and sedimentation studies. In Brazil, Guimarães (1988) , Andrello (1997) and Andrello et al (2001) used cesium-137 technique to evaluate the erosion in two watersheds -one in the São Paulo State and the other in the Paraná State. Guimarães (1988) analyzed a small watershed located in Piracicaba -SP, constituted by soils containing more than 70% of sand. The mean precipitation was 1,247 mm annually. Cesium-137 activity measured in the profile located at the medium third of the versant under annual cultivations was 280.3 Bq.m -2 , and its distribution was 18 cm deep. In another profile located at the medium third, near the channel of a terrace that showed sedimentation, cesium-137 activity was 702.1 Bq.m -2 , and the distribution was 33 cm deep. In the profile located in the beginning of the lower medium third under the Pine reforestation, cesium-137 activity was 409.2 Bq.m -2 , and its distribution was 33 cm deep. Cesium-137 activity used as the base level and measured in a sample from a site with no erosion or soil sedimentation traces was 306.15 Bq.m -2 . Cesium-137 activity values measured in the three profiles indicated that the first profile had erosion when compared to the base level, since total cesium-137 value was lower than the base level. In addition, it could be concluded that, whenever cesium-137 distribution was analyzed in this profile, a superficial soil loss occurred since the last soil preparation once a uniform distribution of cesium-137 until the soil preparation depth, which was approximately 25 cm, would have been expected. The second profile clearly indicated that there was soil sedimentation due to the high cesium-137 concentration (more than two times as much the base level) and by cesium-137 distribution depth (higher than the soil preparation depth), plus the fact that the soil sedimentation was evident in this site. The third profile may be interpreted as a sedimentation site, since cesium-137 value was above the base level and also because of the depth at which it was found. Nevertheless, this profile was under both an erosion and sedimentation process due to its location in the pendent. Andrello (1997) and Andrello et al (2001) analyzed a watershed located in the North of the Paraná State, where land and soil use conditions were representative for the State. The basin is located in an important agriculture production zone with soils containing 70% of clay. Many factors make this basin sensitive to erosion such as high pluvial precipitation (annual mean 1,850 mm), conventional preparation system with consequent soil desagregation and pulverization, small vegetation covering associated to long and high slopes. Six transects were sampled with an objective to characterize the different soil uses and slopes; 56% and 44% of the sampling sites showed liquid losses and gains of soil, respectively. The final balance suggest that there was soil loss of 199 ton.ha -1 in the basin in the last 30 years, since the measure through cesium-137 results erosion rates due to all erosion processes occurring within the basin in the last 30 years. The different soil uses have influenced soil loss and gain in the basin considerably, changing from 6 ton.ha -1 .year -1 gain under coffee cultivation to a loss of 16 ton.ha -1 .year -1 under soybean cultivation. The different protection techniques for the same use of the soil played an important role in erosion control, reducing soils losses from 54 ton.ha -1 .year -1 in the higher inclinations to 32 ton.ha -1 .year -1 in a similar inclination where conservative practices such as terraces were used. These studies confirmed that cesium-137 methodology really identified erosion and sedimentation, as well evaluated soil losses or gains identifying important areas for soil conservation programs. It could be concluded that cesium-137 technique is a good tool to evaluate methods of soil cultivation and conservation programs, providing quicker results than the ones obtained with traditional models. It also provides estimation of soil movements in a period of approximately 35 years, the evaluation and location of surfaces concerning these movements and their implications. This methodology shows as an additional tool for erosion studies and can be used to carry out inventories in large areas.
RESUMO
A erosão superficial é um dos principais agentes de degradação dos solos e estimativas das taxas de erosão para diferentes condições edafoclimáticas pelos modelos tradicionais como USLE, RUSLE, são onerosos e demorados. Uma metodologia que tem sido muito estudada e sua aplicação no estudo da erosão vem crescendo em países como EUA, Reino Unido, Austrália, e outros, é a do uso do radionuclídeo antropogênico césio-137. Um resumo da história desta metodologia é apresentado, assim como a evolução das equações utilizadas para quantificar as taxas de erosão através da medida do césio-137. Duas bacias estudadas no Brasil mostraram que a metodologia do césio-137 é viável e coerente com as observações em campo para aplicação no estudo da erosão.
